Commercial thinning (CT) is an important silvicultural practice in the northeastern US. 25
further delaying CT from this point results in a higher economic benefit. Clearly, tree size has an 94 impact on the time consumption and profitability of harvesting equipment (Hiesl and Benjamin 95 2015; Hiesl and Benjamin 2013a; Kluender et al. 1998) , and thus a delayed CT may be to the 96 financial advantage of a forest manager. In Maine, two fully mechanized harvesting systems are 97 predominantly used for timber harvesting: whole-tree (tracked feller-buncher, grapple skidder, 98 stroke delimber) and cut-to-length (harvester, forwarder) (Leon and Benjamin 2012) . In addition, 99 some companies use a combination (hybrid) of the two systems. The use of such different 100 harvesting systems adds another dimension to the question of the economic benefit of a 101 delayed CT as each system has a different cost and productivity associated with it. 102
We used ten-year measurements and a 35 years growth projection from a controlled 103 experiment across six sites in Maine, to examine the long-term effect of CT removal intensity 104 and timing of CT application on maximum NPV. We expected that an early and heavy CT would 105 produce a higher maximum NPV due to early financial returns and increased merchantable 106 volume at the time of final harvest. We also expected to see the highest maximum NPV in 107 harvests conducted with a whole-tree harvesting system, due to its prevalence as the most 108 common harvesting system in Maine. , and average tree height 140 ranged from 12.1 to 16.6 m ( Table 2) . 141
The CTRN study was established in 2000 and 2001, but CT treatments were not applied 142 until 2002 (Wagner et al. 2002) . All study sites in the CTRN were chosen based on a stand age 143 ready for a CT, a well-stocked and single-cohort stand structure with a relative density of greater 144 than 0.25 (Wilson et al. 1999 ) based on trees with a DBH larger than 6.3 cm, and a good to 145 excellent site quality (Briggs site class 1, 2, or 2/3; Briggs 1994) . 146 Therefore, individual trees were (1) in need of thinning due to high competition levels, (2) large 147 enough to generate enough revenue to pay for the thinning, and (3) had the ability to respond 148 favorably to thinning (e.g. strong vigor, low windthrow susceptibility, acceptable live-crown ratio). 149
However, stand age may have been past the initial timing of first merchantability. Due to the 150 varying degrees of site quality, the age of these stands at the beginning of the experiment in 151 2000 ranged from 23 to 42 years, a range of age that was commonly encountered by forest 152 managers due to the clear cuts following the spruce budworm outbreak in the 1970s and 1980s 153 (Seymour 1992; Irland et al. 1988 ). The delayed treatments were used to evaluate the effect of 154 a delayed timing of entry on tree growth and NPV compared to a normal thinning close to the 155 time of first merchantability of a stand. 156
The seven plots in each site varied in their initial plot conditions. To ensure that the two 157 different removal intensities did not create thinned plots of similar conditions each plot was 158 ranked based on initial relative density. Plots with first and fifth highest relative density were 159 assigned a 33% and 50% relative density removal in the initial year of the study (2002), 160
respectively. The plot with the median relative density was selected as the untreated control plot 161 and the remaining plots were left unthinned during the first cutting cycle and were assigned 162 treatments for the 5 and 10 year delay based on the initial ranking ). The 163 D r a f t 8 target relative density (±1%) in each plot was calculated using a laptop computer during leave 164 tree selection, which was based on the goal to retain most spruce and removal of all 165 hardwoods, balsam fir greater than 21.5 cm DBH, and any poor quality trees. The aim of the 166 thinning method was to represent a crown thinning. Following leave tree selection all remaining 167 trees greater than 11.3 cm DBH were marked for removal. Additional information about the 168 experimental design can be found in Clune (2013) and Wagner et al. (2001) . 169
170

Growth and Yield 171
Growth and yield for each plot was projected from plot measurements taken in 2012 172 (Table 2) 
Product Merchandising 184
For every year in the projection we merchandised individual trees by using an R (R Core 185
Team 2015) based product merchandiser developed by Hutchinson (2014 The costs for CT were estimated using the approach outlined by Saunders et al. (2008) . CT for all treatments can be found in Table 3 . 
Treatment Effect on maximum NPV 313
The ANOVA results suggested that treatment had a significant effect on maximum NPV 314 (p treatment =0.01 ; Table 4a ), however, pairwise comparison's indicated that there was no statistical 315 difference (Table 5) . Across all treatments and final harvest years, the maximum NPV ranged 316 from $3,611 to $8,172 USDha -1 (Table 5) . Ninety-one percent of the random variation in 317 maximum NPV were accounted for differences at the site and plot-level within the individual 318 study sites (Table 4a) . 319 320
Treatment Effect on Stand Age of maximum NPV 321
The ANOVA results showed that treatment had a significant effect (p<0.001; Table 4b ) 322 on the stand age of maximum NPV. The average rotation length to reach maximum NPV across 323 all CT treatments ranged from 49 to 59 years (Table 5) (Table 5 ). This result indicates that there are no differences between the different 328 removal intensities in the stand age to reach maximum NPV. Since all treatments reached 329 maximum NPV at the same time after thinning it is not surprising that when NPV is plotted over 330 rotation age the maximum NPV for the delayed thinning occurred 5 (treatments B and E) or 10 331 years (treatments C and F) later than a CT with no delay (treatments A and D) . Approximately 332 99% of the random variation can be explained by differences on the site and plot-level within the 333 individual sites (Table 4b) . 334
335
Harvesting System Effect on maximum NPV 336
The ANOVA results indicated that treatment (p=0.01), harvesting system (p<0.001), and 337 their interaction (p<0.001) had significant effects on maximum NPV (Table 4c) . Maximum NPV 338 for all CT treatments ranged from $3,611 to $8,172 USDha -1 when using a CTL system, from 339 $3,269 to $8,031 USDha -1 when using a HYB system, and from $3,393 to $7,783 USDha -1 340 when using a WT system. Pairwise comparisons within each individual CT treatments and 341 control plots indicated that using a CTL system resulted in a higher maximum NPV than using a 342 HYB system or a WT system, with the exception of control plots (Figure 3) . In the control, there 343 was no significant difference in maximum NPV between a HYB and WT system. The differences 344 in maximum NPV among thinning treatments between using a CTL and WT system ranged from 345 $215 to $322 USDha -1 , and from $83 to $189 USDha -1 when comparing a CTL to a HYB 346 system. In the control, the average difference between CTL and WT was $298 and $334 347
USDha
-1 when comparing CTL to HYB. Thus, a final harvest using a CTL system returned a 348 maximum NPV that was between 4.5% and 6.3% higher than that of a WT system, and between 349 1.7% and 7.1% higher than that of a HYB system. All of the random variation in the data was 350 captured by site and plot-level differences between the sites (Table 4c) . 
Sensitivity of maximum NPV 362
To understand the robustness of our analysis we conducted a sensitivity analysis of the 363 major input variables (skid distance, trucking distance, trucking costs, pulpwood value, sawlog 364 value, machine rate) that affect unit cost of production. Results for treatment A showed that a 365 change in mill delivered value of sawlogs had the greatest impact on maximum NPV ( Figure 5) . 366
For example, a 20% decrease in sawlog value resulted in an 18% decrease in maximum NPV. 367
Pulpwood value had the second largest impact on maximum NPV, with a 20% decrease in 368 pulpwood value resulting in an 8% decrease in maximum NPV. A 20% decrease in the machine 369 rate for all equipment in a harvesting system resulted in a 6% increase of maximum NPV. 370
Trucking cost, trucking distance, and skidding distance affected maximum NPV by less than 5% 371 for a 20% change in the respective input variable. For all other treatments (B-F) the relationship 372 was approximately the same, however, an increase in the sensitivity to pulpwood value was 373 noted in treatments C and F. For control plots, the sensitivity to changes in pulpwood value was 374 the greatest ( Figure 5 ). For a 20% decrease in pulpwood value the maximum NPV decreased 375 D r a f t by 20%. A 20% decrease in sawlog value would result in an 18% decrease in maximum NPV. 376
Changes in machine rate when operating in control plots had a higher impact on maximum NPV 377 than for any treatment. A 20% reduction in machine rate resulted in a 10% increase in maximum 378 NPV. Trucking cost and trucking distance had a greater effect on maximum NPV in the control 379 than it had in any other treatment. In light and heavy thinning treatments, the effect of trucking 380 cost and trucking distance on maximum NPV is generally less than 5%, whereas in control plots 381 the effect is closer to 7.5% for a 20% change in the respective input variable. Skidding distance 382 had a slightly larger impact on maximum NPV in the control than in any thinning treatment. 383 However, the difference in maximum NPV between control and thinning treatments is only 1% 384 for a 20% change in skidding distance. 385
386
DISCUSSION 387
Commercial Thinning Effects 388
Our results indicated that there was no difference in maximum NPV among the CT 389 treatments and control plots. Thus, delaying CT, or increasing removal intensity, did not result in 390 a higher maximum NPV. However, a delayed and light CT (treatments B and C) resulted in the 391 highest maximum standing merchantable volume among thinned stands. 
Effect of Delaying Commercial Thinning 403
Delaying the first CT by 5 or 10 years had no effect on maximum NPV for the delayed 404 treatments. Consequently, it was possible to achieve a similar profit whether or not a CT was 405 delayed from the point a stand was ready for thinning, regardless of the actual time past first 406 merchantability in this study. Thus, there is a window of opportunity of 10 years to conduct a CT 407 without an economic loss. However, the time when maximum NPV was achieved is of 408 importance, as this can have implications on the rotation length of a stand. For all treatments, 409 the time to reach maximum NPV after a CT was not significantly different between them. 410 However, this time did not include the additional 5 or 10 years that trees were growing before 411 they were thinned, and thus the rotation time is significantly different between the three timings 412 of entry for the light and heavy thinning's. When including this additional growing time, the 10-413 year delay in thinning resulted in the longest rotation time to reach maximum NPV, regardless of 414 removal intensity. reported that unthinned controls were not able to "catch up" with PCT stands within the same 422 rotation length. They also showed that the NPV of control plots was lower and culminated later. 423 Similar findings were also reported by Bataineh et al. (2013) when using a 2% discount rate. In 424 our study, however, the NPV of the control was no different than any of the CT treatments, and 425 did culminate at the same time as treatments that were thinned with no delay. 426
427
Choice of Harvesting System 428
We also evaluated the use of three different harvesting systems. Since a WT harvesting 429 system is the most commonly used system in Maine (Leon and increasing stem size. Our results showed that stem size had a major effect on unit cost of 441 production and that a CTL system consistently had lower costs than the WT or HYB system. 442
However, at small stem sizes the WT system produced at a lower cost than a HYB system, 443 which may be due to the larger number of stems per feller-buncher accumulation (Hiesl and Our results also indicated that a HYB system consisting of a feller-buncher, processor, 449 and forwarder returned a lower maximum NPV than a CTL system for CT treatments. This result 450 was unexpected because the HYB system is considered to be less expensive than a CTL 451 system, mainly due to the high productivity of the feller-buncher and the concentrated 452 processing of trees. One of the major reasons for this result may be the fact that the forwarder 453 cycle time equation used did not account for spacing between logs but was developed based on 454 commonly encountered conditions during thinnings. The conditions commonly encountered 455 include a varying log spacing that was not measured but is known to be much farther than what 456 actually would be present on site when using a HYB system. Log concentration at a harvest site 457 has been shown to influence forwarder productivity (Manner et al. 2013 ) and therefore the 458 actual forwarder productivity for a HYB system might be higher, due to fewer stops and a larger 459 payload per stop. Currently, however, there are no forwarder equations available for this state 460 that would include log spacing as a determining factor. 461
One of the limitations of this simulation was that we did not include any costs associated 462 with moving harvesting equipment to the harvest site, or any administrative or road 463 building/maintenance costs. Including these costs is difficult as they are highly variable and 464 depend on factors such a distance from a logging contractor and road conditions, but also affect 465 NPV differently with increasing harvest tract size. It is therefore important to highlight that the 466
NPVs presented here are likely rather optimistic projections, and will probably be smaller due to 467 additional costs that were not included in this simulation. In addition, we did not include future 468 therefore crucial to acknowledge that the costs and revenues of the final harvest might be 504 different from the presented results. This difference in harvest costs can easily negate the 505 benefit of CT in terms of maximum NPV. Our sensitivity analysis indicated that changes in 506 product value and machine rate had the largest impact on maximum NPV. In particular, the 507 influence of pulpwood value was the largest in the control, which can be attributed to smaller 508 stem sizes and thus a higher volume of pulpwood as compared to other treatments. The control 509 also showed a higher sensitivity to machine rate, which may be attributed to a lower productivity 510 when cutting small diameter stems. It is important to note that for all CT treatments a financial 511 return was provided during the CT, whereas the control plots did not yield any financial return 512 until final harvest. This is an important consideration for forest managers that require an early 513 financial return. 514
The assumptions made in this projection were important factors that can influence the 515 long-term financial returns from CT (e.g. product values at time of CT and at final harvest). We 516 used average skidding distances and bunch sizes for softwood stands in Maine, based on 517 published and unpublished information from research by Hiesl (2013) and . 518
Stand and site conditions, harvesting equipment, and extracting distances are just a few factors 519 that influence machine productivity and vary greatly among states and countries (Hiesl and With the limitations of our experimental design, model outcomes, and assumptions as a 537 caution, we conclude that there is a margin for CT of approximately 10 years where there will be 538 no reduction in maximum NPV. However, due to the different stand ages and level of 539 merchantability at the beginning of the study we do not know whether or not a CT starting at first 540 merchantability would have resulted in a different maximum NPV. With a scope of 10 years past 541 study initiation, we also do not know whether a thinning with a greater delay would have 542 resulted in any change in maximum NPV. Thus, our results provide initial information for 543 decision makers, but further research is needed to fully understand the implications of delays 544 and thinning intensity on NPV and subsequently on the decision making process of forest 545 managers. The results also highlight the complexities associated with developing effective CT 546 strategies given variation in available markets, stumpage rates, and harvesting systems. 547
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